His interest in system analysis gives him an opportunity to come in close contact with the field of simulation.
INTRODUCTION
The iron and steel industry is considered one of the primary heavy industries upon which the industrial development of a nation should be based. With rapid changes in technology and rising competition, the iron and steel industry is facing a continuous challenge to produce the required product with the least cost. This can not be achieved without the utilization of the available resources and equipment. For purposes of analysis, an integrated iron and steel plant may be divided into (1) productive units, which include blast furnaces, steelworks, and rolling mills, and (2) nonproductive units, which consist of a molten metal mixer and soaking pits. The mixer, which is located between the blast furnaces and steelworks, has metallurgical as well as logistical uses.
The soaking pits, which act as an intermediary process between the steel works and the rolling mill, has three main functions: (1) to reheat the surface of the steel ingots, (2) to 'soak' the ingots to give them a uniform temperature throughout, in preparation for rolling, and (3) to store the ingots until the mill is ready to roll them. These nonproductive units could create serious bottlenecks in production, if their capacities were not properly determined before being installed. This paper considers the soaking-pit/rolling-mill complex at which the steel ingots arrive from the steelworks.
(The ingots are produced in the steelworks by pouring molten steel from furnaces into molds and then stripping off the molds after a specified minimum cooling time has elapsed). These ingots are reheated in a battery of soaking pits and then moved to the mill, in which they are rolled into blooms, billets, or slabs. (During the time necessary for the transportation from steelworks to the rolling mill, the surface of the ingots cools faster than the interior and hence they must be reheated).
Due to the stochastic variations in the system, there are occasions when there will not be hot ingots to be rolled, or hot ingots are available but the mill is broken down. These situations represent a costly limitation of the productive capacity of the mill. The productive capacity may be expressed in terms of the amount of ingots rolled per unit time. The purpose of this paper is to represent the pit-mill complex as a queueing system and to develop a simulation model (1) to predict the improvement in the capacity of the system attainable through adding more pits, and (2) to predict the effect of breakdowns and maintenance and the shutdown of a pit. Economic and other criteria are used to measure the performance of the system. The optimal capacity of the system strikes an economic balance between the cost of service and the cost of waiting for that service.
Though the objectives of the authors of published papers in this field are diverse, their basic aim has been to increase the efficiency at some point or other in the system. Brancher, Stringer and Savage3 have brought about substantial reduction in the track time by a judicious application of the critical path method. A similar end has been achieved by Hindson and Sibakin,5 with greater attention paid to the correlation of mill drafts with the ingot temperatures and the number of passes required. The general consensus among the above authors seems to be that a more thorough knowledge of ingot heat-transfer phenomena could lead to further economies in soakingpit practice. The mathematical approach proposed by Kung, Dahm, and DeLancey6 seems to fill this need, but is cumbersome to use. The queueing theory approach proposed by Buzacott and Callahan4 in arriving at an expression for the probability of the mill's being idle 'for want of hot steel' is the most promising yet because of the simplicity of the final expression. However, the question of its validity remains, since it does not consider several factors, such as the interactions among the cranes, pits, and mill which affect the operating characteristics of the system.
--

ANALYSIS OF THE PROBLEM
The soaking-pit/rolling-mill complex consists of a series of soaking pits placed in a building adjacent to the mill. Two overhead traveling cranes which span the pit-mill area (including all tracks) charge incoming ingots from the steelworks into the pits and draw the ingots from the pit for processing by the mill.
The time required to transport the hot ingots between the steelworks and the soaking pits is subject to stochastic variations caused by congestion and equipment failure. As a result, often hot ingots must wait on the tracks before being charged into one of the soaking pits. However, when the area of track ahead of the soaking pits becomes congested, some of the waiting hot ingots are taken off the tracks and stored in the cold ingot bank. The cold ingots are charged later into the pits when there are no hot ingots available. The number of ingots charged into a soaking pit depends on its size. Figure 1 depicts a schematic diagram of the hot ingot flow. When a pit is ready to be drawn, the ingots are removed, one at a time, by a crane and placed on an ingot chariot.
The ingot chariot, moving between the pit being drawn and the mill table conveys the soaked ingots one at a time to the mill, keeping pace with the mill's rolling rate.
Figure 1 -Flow of hot ingots from steel works through the rolling mill
For purposes of analysis, the soaking-pit/rollingmill complex can be viewed as a cyclic queueing system in which the customers are represented by pits moving in a cyclic fashion and a single service station represents the mill (see Figure 2 ). Each pit can be in one, and only one, of the following states:
(1) Being empty and waiting for ingots to be charged
(2) Being charged with hot or cold ingots
(3) Reheating ingots to the rolling temperature (4) Waiting with ready-to-roll ingots for the mill to be available (5) Being unloaded (ready-to-roll ingots being drawn off to be rolled by the mill).
Since the pit cannot be charged with another load of ingots unless all its contents have been rolled, the service time of a pit is considered as the time elapsed from the drawing of its first ingot to the completion of processing its last ingot by the mill. In other words, the time taken to draw a pit is in effect the time to process the pitload of ingots by the mill. Upon completion of the service, the pit commences on its transit time. The transit time is defined as the time between the end of service for a pit and its return to the queue of pits waiting for service by the mill. In other words, the transit time is the sum of the time taken to recharge the pit with hot or cold ingots and the heating time (the depend on several variables such as the shape and size of the ingots, the rate of firing in the soaking pits, the ambient temperature, the type of the rolled products, and the composition of the steel.
The only way to reduce the heating time in the soaking pits and hence increase their utilization, is to maintain a low track time. At the other end, if ingots are charged in rapid succession into the pits, later there will be a surplus of ready-to-roll ingots. As a result, the resident time of ingots in the pits would be increased, causing an increase in the cost per ingot for operating the pits. Conversely, if there is a scarcity of ingots to charge at any time, this may lead later to a scarcity of ready-to-roll ingots and to idle time of the mill, causing a decrease in the throughput of the system. The pit-mill complex is usually designed to accommodate the entire output of the steelworks without being overloaded. However, when there is a breakdown at the mill, at the pits, or at the cranes, more ingots have to wait in front of the pits than the system can accommodate. These ingots will grow cold and must be charged into the pits at a later time. Thus having a cold ingot bank beside the pits is necessary to ensure a flexible and smooth operation.
Because of the variations of the heating time for cold and hot ingots, it is necessary to predict the arrivals of hot ingots to determine whether a pit should be charged by cold ingots or not. It is intuitively obvious that if a batch of ingots with a short track-time is charged into the pits before an earlier batch with a long track-time (that is, lastcome, first-serviced), pit time for the hotter ingots will be reduced. Naturally, the additional delay to the earlier batch will increase its heating time, but if an oncoming shortage of ready-to-roll ingots is expected, the extra occupancy of the pits may not be disadvantageous.
Furthermore, the crane operations play a significant role in the pitmill complex, since they are used to charge hot and cold ingots into the pits and draw ready-to-roll ingots. A decision has to be made to set the crane operating priorities. If the mill is waiting and if a ready-to-roll pitload is not picked up by the crane, the immediate production of the mill is affected. Also, in the extreme case when the soaking pits are full, a hot ingot cannot be charged, and again future production is affected.
Viewing the soaking-pit/rolling-mill complex as a cyclic queueing model can provide an analytical method of:
(1) Predicting the improvement in the capacity of the system through adding more pits
(2) Predicting the effect of maintenance or shutdown of a pit
(3) Predicting the production rates when there are always sufficient hot or cold ingots in front of the soaking pits.
However, while this analytic approach may provide an &dquo;exact&dquo; answer, it comes from an approximate model which does not include the overhead cranes. Hence, for better answers it is necessary to resort to simulation.
DEVELOPMENT OF A SIMULATION MODEL
In order to predict the dynamic characteristics of the pit-mill complex, we have developed a simulation model. In it the capacity of the pit-mill complex depends on the number and capacity of the soaking pits. Several factors such as ingot arrival pattern, heating-time relation, crane and mill operating status, crane operating priorities, and ingot dispatching priorities are considered since they affect the system. This section is devoted to describing the simulation model, the assumptions, and the operating characteristics of the pit-mill complex.
Although developed with special reference to the operations at one of the steel plants in Kansas City, Missouri, the analysis is applicable to all steel production systems of the same type. Description of the model. An event flow chart of the simulation model, representing the soaking-pit/rolling-mill complex of the Kansas City steel plant, is depicted in Figure 3 . Arrival of ingots at the soaking pit area is in batches. These ingots are immediately queued up in order to avoid keeping the crane as well as the mill idle.
If at the time a pit is totally drawn there are no ingots or not enough recently arrived ingots from the steelworks, cold ingots must be charged instead. On the other hand, a long queue of hot ingots from the steelworks would result in expensive loss of heat. Hence, an information feedback loop is instituted and the interarrival time of the ingot batches becomes a function of the number of ingots in the queue.
As soon as one of the two cranes is free, a check is made to see if any of the soaking pits is ready for drawing. If one of the cranes is available, the free crane proceeds to unload the pit. However, if both cranes are free, the crane with a higher priority over the pit will attend to the pit. This is done to minimize the possibility of one of the cranes' being blocked by the other. If no pits are available, the crane has to remain idle until a pit gets ready, at which time a check is made on the status of the mill.
If the mill is inoperative, the crane and the pit wait until it does become operative. A value of 5 percent has been widely accepted as the percentage of inoperative time of the crane by the steel industry.5 The value of 5.064 percent used in this model, however, is The unloading time has been observed to be about a hundred seconds for each ingot. This is also the rolling time per ingot, as the unloading process alternates with the rolling process. Thus the unloading rate in effect gives the throughput rate.
The ingot queue is then checked. If there are sufficient hot ingots waiting, they are charged to the pit; otherwise, the pit is charged with cold ingots. These cold ingots are either imported from outside the plant or accumulated as a result of the steelworks' producing more ingots than the system can process currently. The mean rate of consumption of ingots imported from outside the plant and produced in the plant is 900 tons every 8-hour shift. This is based on 900,000 tons of finished steel per year (1000 8-hour shifts).
As mentioned earlier, the heating time is an approximately linear function of the track time with a maxi- Hence, the heat time is determined by the linear relation y = 1.06x + 1.75.
As soon as a pitload of ingots is ready to be drawn, the crane status is checked and, if the crane is available, the mill status is checked. Only if a crane is free and the mill is functioning does the process of unloading the pit begin. Otherwise, the pit joins a queue. Similarly, if a crane becomes available, the queue of the pits is checked and, if a pit is available to be drawn, the mill status is checked.
The simulation model has two distinct phases. The first phase deals with the arrival of ingots and generation of new arrivals. The second phase constitutes the heart of the model; it processes ingots through the pit-mill complex. The latter phase is actuated by one of three events: a pitload of ingots becoming ready to be drawn, or a crane being freed, or the completion by the mill of processing a pitload of ingots. The occurrence of one of these three events sets into motion a series of logically sequenced interactions between the cranes, pits, ingots, and the mill.
The entire simulation process is accomplished with the help of 10 user-written and 23 standard GASP-IIA subroutines. Several options have been instituted in the computer program to simulate a variety of situations.
The whole system is described by its entities (ingots, soaking pits, cranes, and the mill) which are described by their attributes. For example, the attributes of the soaking pits are the completion time of heating, pit number, pit status, and number of ingots heated. The method of discreteevent simulation is adopted. The principal events considered in the simulation are (1) the arrival of a batch of ingots, (2) the end of reheating a batch of ingots by a soaking pit, (3) the end of drawing or charging a pit by one of the cranes, and (4) the earliest time the mill is free after rolling a pitload of ingots. Assumptions underlying the model. The simulation is performed under the following assumptions:
1. All units of the pit-mill complex are assumed to be continuously active round the clock. No allowance is made for shift changes, failure, or any other interruptions in the system. However, the inoperative percentage time of the crane is taken as 5.064 percent.
2. Cold ingots are always available in the cold ingot bank.
Ingots are supplied to the cold ingot bank from outside as well as inside the plant.
3. A pit cannot hold more than 16 ingots. No overcharging of the pit is allowed. Also, the minimum number of ingots that may be charged into a pit is 8.
4. Each pit has an independent heat control device. Thus, the heat in each pit is adjusted independently, depending on the heat time and waiting time of each pit.
5. The firing rate for a pit waiting to be drawn is 20 percent of the full firing rate. This heat is supplied only to make up for heat losses due to waiting for service.
6. The pit maintenance time is not considered because insufficient data were available.
7. The crane traveling-time between the cold ingot bank, soaking pits, and the mill did not seem significant enough to warrant including it in the model.
Hence, no effort is made to locate the crane after charging or drawing ingots to or from the pits.
8. The crane operators are assumed to have full information about the status of the pits. They know which of the pits is ready to be drawn and the order in which the pits will become ready.
9. The probability of a crane breakdown during the course of charging or discharging the pitload is low enough to be neglected. 10 . The combination of a preventive maintenance program, experienced mill operators, and ready-toroll ingots with the right rolling temperature renders the probability of a mill breakdown during the course of rolling the pitload so low that it may be neglected.
Operating characteristics. In order to gain an insight into the response of the system as a whole, several operating characteristics are investigated:
(1) The mean number of ingots in the system (2) The mean utilization of cranes and pits (3) The mean number of ingots waiting to be charged (4) The mean number of pits waiting to be drawn (5) The mean waiting time of ingots in queue before being charged (6) The mean waiting time of pits in queue before being drawn (7) The mean heating time of ingots.
The above investigation was extended to cover various analyses. Such analyses require the recognition of the factors that contribute towards increasing the cost of finished steel as a result of the ingots,passing through the pit-mill complex. In Hence, the variable cost per ton of finished steel which is a function of the reheating capacity is the sum of the above four cost factors. For the computation of these cost factors, the following data, pertaining to the Kansas City steel plant, are used:
1. The capital cost of the soaking pit of the type already installed is about $475,000, including all auxiliaries. Pits are depreciated over a period of 15 years with no salvage value.
2. The fuel consumption at a &dquo;high fire&dquo; (full load) is 28,000 to 30,000 cubic feet of gas per hour.
At a low fire, the consumption is about 5,600 to 6,000 cubic feet per hour (or equivalently, 20 percent of a high fire).
3. The maintenance cost is $0.37 per ton.
4. The downtime cost of the mill, not including the opportunity cost, is $671.00 per hour.
5. The average price for the finished product is $230 a ton.
EXPERIMENTAL INVESTIGATION
In order to verify the simulation model described above, two sets of experiments, A and B were conducted. The experiments varied only in the discipline by which hot ingot arrivals are charged into the pit. The discipline is First-Come, First-Served (FCFS) in Set A and Last-Come, First-Served (LCFS) in Set B.
The distributions of interarrival times for batches of ingots as well as for mill and crane breakdowns are based on observed data for a specific time period from the Kansas City steel plant. The general forms of the associated frequency histograms suggest an exponential distribution with parameter p = 3.25, 0.6, and 0.39 for the interarrival times of ingots, mill breakdown, and crane breakdown, respectively.
Because of its less restrictive nature as compared to the exponential distribution, Erlang distribution is considered in two other sets of experiments. In Sets C and D, the interarrival times for batches of ingots, mill breakdown, and crane breakdowns are generated from an Erlang 4 distribution with the same p's as those in Sets A and B. Similarly, both sets of experiments are similar except that the discipline by which hot ingot arrivals are charged into the pit is FCFS in Set C and LCFS in Set D.
In all four sets of experiments, the queue discipline for pits waiting to be drawn is FCFS. Furthermore, the heating time (in hours) distribution for cold ingots is assumed to have a uniform distribution over the interval [5.5, 6.5]. The number of soaking pits is the only factor whose response is well studied --and, to a lesser extent, the discipline by which hot ingot arrivals are charged in the pit was also studied. In each set, the minimum number of soaking pits required has been assumed to lie between 12 and 20. A sequential search was conducted first, followed by an exhaustive search in the vicinity of the minimum. This procedure resulted in seven runs for each experiment.
A pilot run for each set was conducted to determine the steady-state condition. As a result, the simulation clock was reset to 0 after the first 100 hours of simulated time for all experiments and the steadystate statistics were collected. The length of each run was likewise determined after observing the fluctuation of the cost function of the mill downtime.
As a compromise between the reducing random error and minimizing computer time, each experiment was run for 1400 hours of simulated time after resetting the clock.
Significant results obtained from the 28 runs are displayed in Table 1 . Due to space limitations, relations between the various operating characteristics and the number of pits. except those related to the total variable cost, will not be depicted graphically. However, they can be deduced directly from the The total cost curves for Sets A and B converge near the minimum and thereafter, run very close to each other. Thus the service discipline matters only when there are fewer than the optimal number of pits. The initial slope indicates that the cost of heating rises steeply if the number of pits in the system is reduced below the optimal number. At the optimal value of sixteen pits for Set A and fifteen pits for Set B, the total variable costs are practically equal, indicating that the service discipline does not play an important role in reducing the minimum Figure 4 -Relation between total variable cost and number of pits in Sets A and B (exponential distribution) Table 1 Simulation Results cost per ton or shifting the minimum point. The almost flat region near the minimum and to its right indicates that the decision to operate with a certain number of pits is not critical provided the minimum is kept as,a lower limit.
If the possibilities of pit failures and relining are considered, it is expected that the result would have only been a shift of the minimum point of the curve to the right along the x-axis by a quantity equal to the number of pits being out of service at the same time on the average. The minimum cost might have been higher than in the present case. Further, as may be seen from Table 1 , the major influencing factor for the total cost curve is mill downtime, accounting for more than 85 percent of the total cost, while capital, fuel, and maintenance costs contribute the remainder. This fact, though explicit in this table, is not as obvious in real-life situations where management may balk at spending about $475,000 on a single additional soaking pit. Crane utilization in Sets A and B appears to be little affected by the number of soaking pits (from 12 to 20). How much of the mill idle time is chargeable to nonavailability of cranes is an unanswered question. However, experiments conducted with crane operation rules other than the ones used in this model may shed some light on it. The number of soaking pits waiting to be drawn increases linearly at the rate of almost an additional pit in queue for an increase of one pit in the system. The waiting time of pits increases linearly at the rate of almost an additional hour for an increase of two pits in the system within the range of the investigation. One would expect that the fuel cost would accordingly increase to make up for heat lost while waiting to be drawn. However, a portion of this increase in waiting would be due to the declining utilization of pits.
The waiting time of ingots does not seem to be affected by increasing the number of pits. Production rate increases only until a little before the optimal number of pits is reached and thereafter remains very steady. This is in keeping with the model characteristics wherein an upper limit to production results from the maximum production rate of the mill. Thus, after the optimal pit number is passed only marginal decrements occur in mill idle time.
In fact, mill downtime soon begins to increase.
At this stage an anomolous situation is faced because it is reasonable to expect that the mill's idle time would decrease monotonically with an increase in the number of pits. The reason for this increase is the decreasing utilization of pits as their number increases. There is always the probability of some idle time between the drawing of consecutive pits because a crane or the mill itself may need repair, and breakdowns during the operation have been excluded from the model.
The results for Sets C and D are much the same as for the first two sets, with a few differences. The minimum number of pits is at sixteen and seventeen, respectively. The Erlang 4 type distribution used for generating interarrival times and crane and mill breakdown durations, causes a vastly reduced intake of hot ingots into the system. The intake of cold ingots is thereby increased from about 22 percent for Sets A and B to about 54 percent for Sets C and D.
Consequently, the average heating time of the ingots has increased along with the fuel cost. A natural corollary to increased transient time is the reduced number of pits waiting in queue. The almost 100 percent increase in the total cost curve for Sets C and D may be attributed to the 5 percent decrease in production as well as to the longer durations of crane and mill downtimes owing to the shape of the Erlang 4 curve. There is a proportionate increase in the penalty for insufficient reheating capacity, but the nature of the cost curve remains the same as before.
SUMMARY AND CONCLUSIONS
In the case of the exponential interarrival distribution of ingots and of crane and mill breakdown times, the penalty for having a particular number of pits smaller than the optimal value is far greater than having a similar number of pits in excess. The reason is that the cost-per-ton curve flattens out after the minimum is reached. As the idling and overhauling of pits has not been considered, it would be prudent to have one or two more pits than the optimal number found for each set of experiments. If the above-mentioned distributions are of the Erlang 4 type, the penalty for having fewer than the optimal number of pits is even more pronounced.
The discipline by which hot ingot arrivals are charged into the pit, may be FCFS or LCFS with very little advantage to be gained by using the one or the other. However, LCFS is better economically if the number of pits in the system is less than the optimal and the exponential distributions correctly describe the arrivals of ingots from the steelworks. ,
The critical factor economically is the idling of the mill. The simulation experiments suggest that even a small reduction in mill idle time will offset substantial costs for pits and increased capacity until the optimum is closely approached. In this context, it would be profitable to undertake preventive maintenance on the cranes whenever the mill is idled for change of rolls.
In conclusion, the above simulation model can be used in predicting the improvement in the capacity of the pit-mill system as well as predicting the effect of maintenance or shutdown of a pit in an existing system.
